Introduction
Look in any newspaper in the United States today. Oil dependence and greenhouse gases make front-page headlines. That's why this study is going to give you an in-depth look at one of the most frequently discussed solutions to the energy crisis: ethanol fuel.
Today, gasoline prices are at an all-time high, more than doubling since 2005. Because of many factors, including the actions of the Organization of the Petroleum Exporting Countries (OPEC), the petroleum economy has become more restricted, worsened by inflationary pressures placed on the market. The United States must establish energy independence to break free from the shackles of foreign oil cartels such as OPEC. One solution at the forefront of discussion is ethanol. In particular, cornderived ethanol has been proposed as a promising gasoline alternative, and it is assumed for the purposes of this study that all ethanol discussed is of this type.
As a team participating in the 2008 Moody's Mega Math Challenge, the authors addressed these five questions:
1. How much ethanol would be needed to replace 10% of annual U.S. gasoline usage? 2. What effect would this fuel substitution have on carbon dioxide emissions? 3. Is corn-derived ethanol a cost-efficient way of producing fuel? 4. How would this policy affect grain prices and developing nations over the next five years? 5. Are there better alternatives for the U.S. to attain national energy independence?
Replacement of gasoline by ethanol
Rationale. It is recognized that the transition to alternative fuels such as ethanol will be a gradual one, requiring adjustments in production patterns, technology, and political attitudes. For the purposes of this model, it is assumed feasible to replace 10% of the energy demand currently fulfilled by petroleum-based gasoline with ethanol by the end of 2008. In order to predict the quantity of ethanol needed to accomplish this, one must first extrapolate the volume of gasoline that will be consumed in the U.S. in 2008, taking into account the discrepancy in energy yield between the two substances to find 10%. Additional gasoline will be required to create this ethanol, and additional ethanol to replace this gasoline, thus yielding a second term in the equation.
Assumptions and calculations.
Our model is based on the following assumptions:
I. Increases in alternative energy usage will be minimal and thus will not significantly affect gasoline consumption for 2008. II. A linear model will produce accurate predictions over the short term (i.e., 5 years).
The first step in creating the model was to perform a regression analysis, using data from 1992-2005 to extrapolate the amount of gasoline that will be used by the United States in 2008. Statistics from the US Department of Transportation [2] (see Figure 1) showed the trend depicted in Figure 2 . The curve generated from the data chart yielded an r -value of 0.996, indicating a strong positive correlation. The r 2 value of 0.993 confirms that scattering occurs due almost exclusively to randomness and is not attributable to a systemic error source. Using the regression equation, it was projected that approximately 144 × 10 9 gallons of gasoline will be consumed in 2008.
Next, we addressed the quantity of ethanol needed to replace 10% of the annual gas usage. To do this, it was important to consider that the same volume of ethanol and gasoline will not produce the same output of energy. Ethanol is about 67% (≈ 2/3) as efficient as gasoline [9] . Also, the production of ethanol requires gasoline to be used in the harvesting of the corn. This gasoline must also be calculated, accounted for, and replaced with ethanol in the model. Then, this ethanol also had gasoline used in its production. This must also be replaced. Because of this, the total ethanol can be modeled as the sum of a geometric series.
A conversion factor was used to estimate the amount of gasoline used in the production of each gallon of ethanol. The factor used was 3.09 gallons of gas per acre of corn [11] . Each acre of corn yields 151.2 bushels [6] , and each bushel yields 2.7 gallons of ethanol [9] . Thus, one can derive a conversion factor for the volume of gasoline used in the production of a single gallon of ethanol:
3.09 gal gas /acre * 1/151.2 acre/bushel * 1/2.7 bushel/gal ethanol = 0.00757 gal gas /gal ethanol Bearing these factors in mind, the following geometric series was generated:
where G is the total number of gallons of gasoline used in 2008 and c is the conversion factor of 0.00757 gal gas /gal ethanol , The other factors are the 10% replacement rate and the 3/2 efficiency ratio. The series converges to 0.15017G, meaning that 15.017% of the gallons of gas projected to be consumed in 2008 will need to be replaced with ethanol to yield a 10% replacement. Multiplying G = 144 × 10 9 gallons of gasoline by 0.15017, one can conclude that approximately 21.625 × 10 6 gallons of ethanol will be needed to replace 10% of the annual US gasoline usage for 2008.
Testing the model. A good way to test this model is to do an experiment on a small scale, burning a known amount of gasoline in a calorimeter. Then, take another sample of gasoline with 10% less by volume and add to it the amount of ethanol calculated by the model. If it burns with the same amount of energy, it will show the power of the efficiency factor. Then, gather data from farmers that produce ethanol on their gasoline usage. This will tell the power of the conversion factor.
Greenhouse gas emissions from ethanol
Rationale. In addition to political, economic, and mechanical feasibility, one must consider the environmental consequences of choosing ethanol over gasoline. In particular, the amount of air pollution released in the form of CO 2 and other green house gases (GHGs) is a crucial point of interest. In order to model the difference in ethanol and gasoline emissions, it is necessary to calculate the final mass of GHGs (in the case where 10% of the gasoline energy supply has been replaced by ethanol) minus the initial mass (before the 10% replacement was implemented). If the result is negative, the 10% ethanol scenario gives off fewer GHGs; if it is positive, it gives off more.
Assumptions and calculations.
1. It is assumed that nearly all of the gasoline required for the production of ethanol is used in the farming and harvesting stage, while other energy sources (i.e., coal) are utilized during the refining stage. 2. It is assumed that carbon dioxide accounts only for a portion of greenhouse gases (GHGs), and to assess the environmental effects of ethanol versus those of gasoline accurately, one must analyze emissions as a whole.
The first step in modeling the situation is to calculate the initial GHG contribution from the projected consumption of gasoline in 2008. Gasoline produces 4 g/MJ in petroleum harvesting, 15 g/MJ in refinement, and 72 g/MJ in burning. Thus, each megajoule of energy from gasoline yields 91 grams of GHGs, or 11.83 kg/gal of gas when multiplied by the energy conversion for gasoline, 130 MJ/gal [7] . Multiplying this figure by the gallons of gasoline predicted previously yields initial emissions of approximately 1,703 × 10 9 kg. Then, one must calculate the final GHG contribution, given by the contribution from the total gallons of gasoline to be used in 2008 minus the gallons replaced by ethanol; VOL. 40, NO. 1, JANUARY 2009 THE COLLEGE MATHEMATICS JOURNAL this totals to approximately 1,533 × 10 9 kg. It is also necessary to add the contribution from the gallons of ethanol in 2008, which produce GHGs by a different conversion factor. These gases are evolved through growing corn (24 g/MJ), refining (40 g/MJ), and burning (71 g/MJ), in addition to the large initial production from the change in land use to corn farmland (104 g/MJ). However, corn crops also remove 62 g/MJ from the environment. In total this sums to a contribution of 177 g/MJ, or 15.4167 kg/gal total when multiplied by the energy conversion factor of 87.1 MJ/gal (67% of that of gasoline) [10] . By multiplying this number by the estimated gallons of ethanol, one can arrive at the total GHGs produced, or approximately 333.4 × 10 9 kg. Overall, this amounts to a final GHG contribution of 1,867 × 10 9 kg the first year. These two calculations may be combined to find the change in GHG contributions:
The positive value indicates that by replacing 10% of the gasoline energy demand with ethanol, the amount of GHGs release actually increases. However, this is primarily for the short term, as the large release of gases from the change in land use accounts for a significant portion of this number. After more than a century, this emission would be "paid back" and the ethanol switch would begin to produce less mass of GHGs [10] . However, if it were necessary to continue planting crops on new farmland, the contribution would continue to increase.
Testing the model. The best way to test this model is to look at data of known fuel use versus the yearly change in atmospheric composition before ethanol became popular and then look at the current yearly change in composition, factoring in the extra ethanol. That will tell whether the model makes accurate predictions about landuse change affecting GHG emissions.
Summary of other analyses
To answer the third question, the team analyzed the cost efficiency of replacing 10% of the United States' gasoline consumption with ethanol. We did this by comparing the cost per megajoule of energy for each fuel. The cost $.04684 per MJ for ethanol was found by adding the costs of harvesting, producing, and refining. The cost of gasoline was modeled as a function of the barrel price of oil. At $106.54 per barrel (as of March 7, 2008) , the cost per MJ of energy for gas was $.02203. Since the break-even cost per MJ of energy occurs at $233.82 per barrel, of oil, it is unlikely that ethanol will be an economically feasible alternative to gasoline in the near future with current oil prices.
Regarding the fourth question, we estimated the effect that the diversion of corn from food to fuel would have both on the price of grain and on developing nations that get most of their corn from the United States. We used data from the oil crisis of 1973 to generate a curve for future corn prices. This diversion of corn to ethanol would leave developing nations almost entirely without corn since demand would increase in the U.S. and prices would rise rapidly. It was found that after five years, the price would more than double.
Regarding the fifth and final question, we compared the use of ethanol to that of other alternative energy sources. Solar energy requires only a small fraction of the land area that is needed for growing corn. However, economically, solar energy is 4.7 times more expensive. Wind power was found to have similar setup costs, less yield, and even more dependence on weather. As of 2006, nuclear power was found to be the least costly to produce. An analysis of cost, involving the 60 nuclear power plants needed, showed that after the second year of operation, the nuclear power would be cheaper than the ethanol power.
In addition, for each of these analyses, we made suggestions for testing the models and their predictions.
Summary and conclusions
Ethanol was found to be a poor solution-economically, environmentally, and socially.
Many would argue that ethanol is cheaper to produce than gasoline because oil prices are so high. This study found that this is not true, given the current price of oil ($106/barrel). In fact, it was found that the price of producing ethanol from corn and the price of producing gasoline would only break even if oil reached $233.82 per barrel. Thus, corn-derived ethanol will most likely not be a cheaper fuel replacement for years to come.
Environmentally, ethanol is touted as a solution to the greenhouse gas problem. Since corn can take CO 2 out of the air and replace it with oxygen, ethanol supporters claim that its use will reduce the overall greenhouse gas emissions. What these supporters fail to take into account is the amount of greenhouse gases that are released when land changes from being fallow to being in use. With this amount being calculated into the amount of greenhouse gases being produced, it is found that there is much more emission of greenhouse gases than with just gasoline. In fact, if ten percent of US gasoline were replaced with ethanol, greenhouse gases would increase by 74,760,000,000 kilograms of CO 2 equivalents. After the first year of growing, ethanol tends to produce less greenhouse gas than gasoline, so it will eventually pay itself off. Unfortunately, fuel demand continues to rise, so every year more and more land would have to be converted for ethanol, releasing large amounts of greenhouse gases.
Many developing nations around the world depend on imports from the United States in order to meet the food demands of their people. If the United States funneled its entire corn crop into ethanol instead of exporting it, corn prices would skyrocket and increase the strain on developing nations, magnifying the social unrest and conflict within them.
Since ethanol is not a good alternative fuel, this study also looked into other ways to solve the energy crisis. Many different alternatives were considered, from fossil fuels other than oil to renewable energy such as wind or solar power. The team found that the cleanest, safest, and most cost-effective solution was to use nuclear power instead of ethanol. While nuclear power involves a more expensive infrastructure, ethanol has a very high cost in yearly upkeep (because the corn crop must be grown year after year). Given this data, it was calculated that nuclear becomes cheaper than ethanol two years after full implementation of the nuclear option.
While these results are convincing, they are not entirely conclusive. Further testing of this model could be carried out in various ways. Field tests could be performed on a small scale to ensure the accuracy of the data used in these calculations, especially the greenhouse gas emissions and the efficiency of ethanol. Also, the ethanol bandwagon has picked up so much momentum it will be hard to stop in the immediate future. While ethanol continues to be used in increasing amounts, further study of cost and impact on both the global economy and the environment could take place. By increasing the amount of data available, updated regressions and calculations will be able to predict the future with greater accuracy. These additional studies can further illustrate the negative consequences of using ethanol, and hopefully this alternate fuel can either be drastically improved or abandoned in the coming years.
